To improve adaptive capacity and further strengthen the role of irrigation in mitigating climate change impacts, the Chinese government has planned to expand irrigated areas by 4.4% by the 2030s. Examining the adaptive potential of irrigated area expansion under climate change is therefore critical. Here, we assess the effects of irrigated area expansion on crop yields based on county-level data during 1980-2011 in northern China and estimate climate impacts under irrigated area scenarios in the 2030s. Based on regression analysis, there is a statistically significant effect of irrigated area expansion on reducing negative climate impacts. More irrigated areas indicate less heat and drought impacts. Irrigated area expansion will alleviate yield reduction by 0.7-0.8% in the future but associated yield benefits will still not compensate for greater adverse climate impacts. Yields are estimated to decrease by 4.0-6.5% under future climate conditions when an additional 4.4% of irrigated area is established, and no fundamental yield increase with an even further 10% or 15% expansion of irrigated area is predicted. This finding suggests that expected adverse climate change risks in the 2030s cannot be mitigated by expanding irrigated areas. A combination of this and other adaptation programs is needed to guarantee grain production under more serious drought stresses in the future.
Introduction
Climate change poses serious challenges to Chinese agriculture [1] [2] [3] . In recent years, the ability to meet these challenges has been tested by several major extreme climate events. For example, the devastating drought in southwestern China in 2010 critically impaired local agriculture, resulting in an estimated loss of 317 million USD [4] . The average annual total cost of climate disasters is approximately 80 billion USD in China [5] . Climate extremes are anticipated to be aggravated and increasingly influenced by climate change. These conditions will constrain future growth in agricultural sectors; therefore, it is important to take actions to mitigate future climate risks.
Countervailing the current and future adverse climate risks will require adaptation measures. In 2011, the Chinese government announced an important policy requiring that 600 billion USD be invested in agricultural irrigation [6] . The policy set several quantitative targets for improving irrigation over 10 years, starting in 2011. The most important plan is to expand the irrigated area by 2.67 million ha (equivalent to a 4.4% increase). Although the quantitative target is clearly framed, concerns have been raised about the effectiveness of irrigated area expansion in climate risk mitigation [7] .
To our knowledge, no study has evaluated the extent that the above irrigated area expansion plan [7] reduces the impacts of future climate change in China. Using process-based crop model and associated assumptions, some studies have evaluated the adaptation effectiveness of potential irrigation in facing climate change risks on Chinese agriculture. For example, assuming no crop water stress was predicted to mitigate 5-15% of the yield reduction in China under future climate scenarios [8, 9] . However, the assumption of no water stress is unrealistic and difficult to link with the government plan. Several recent studies were encouraged to the integration of farming management methods into impact assessments as these methods greatly determine the degree of climate impacts on crops. For instance, fertilizer intensive farmers can largely reduce the negative effects of heat stresses in the UK, France and Italy, while the effect is small or even negative in other European countries [10] . On a global scale, vulnerability of key food crops to drought is also greatly dependent on socio-economic conditions and agricultural investments [11] . In China, recent studies have quantified the relationship among climate, crop and irrigation based on statistical data [3, 12] . They employed a new data-driven approach, but the major disadvantage is a lack of socioeconomic data with fine spatial-temporal resolution. Furthermore, few of these analyses addressed potential adaptation under future climate scenarios.
Therefore, to understand the adaptation effectiveness of expanding the irrigated area in mitigating climate change impacts, the following objectives are specified in our study: (i) we quantitatively identify crop yield responses to climate and irrigated area based on county-level data during 1980-2011; (ii) we establish a statistical model to assess the adaptive effects of the irrigated areas expansion plan already underway on climate change mitigation; (iii) we explore future climate impacts on crop yields across different irrigated area scenarios.
Materials and Methods

Data and Pretreatment
Our study region is in northern China (Figure 1 ) because of the increasingly important role the region plays in grain production. The region encompasses 50% of cultivated land and produces 56% of the annual grain production in China. The major grain production areas are the northeastern, northern, and eastern parts of northwestern China. Due to low precipitation and the uneven seasonal distribution of precipitation, crop production in northern China largely depends on irrigation. Crop data used in the study were obtained from the Chinese Academy of Agricultural Sciences. These data include county-level sown areas and production data for rice, wheat, maize and soybean, which are the four major food crops in our study region, over the period 1980-2011. In addition, we considered county-level irrigated areas and cultivated land areas in our study region and period. Based on the definition by the National Standard of the People's Republic of China [13] and the Food and Agriculture Organization of the United Nations [14] , "irrigated area" is the area equipped to be irrigated and it is the most often-used index to quantify irrigation level in earlier studies [3, 12] . Percentage of irrigated area (PIA) was calculated based on Equation (1), which represents the irrigated areas relative to sowing areas, an index quantifying irrigated conditions, for each county in each year.
, Figure 1 . Illustration of the study region. The shaded area is northern China, which includes the Northeast, North and Northwest regions of China, as shown in the top-right figure. The number indicates the provinces involved in the study. 1: Heilongjiang; 2: Jilin; 3: Liaoning; 4: Beijing; 5: Hebei; 6: Tianjin; 7: Shandong; 8: Henan; 9: Inner Mongolia; 10: Shanxi; 11: Shaanxi; 12: Ningxia; 13: Gansu; 14: Qinghai; 16: Xinjiang. Crop data used in the study were obtained from the Chinese Academy of Agricultural Sciences. These data include county-level sown areas and production data for rice, wheat, maize and soybean, which are the four major food crops in our study region, over the period 1980-2011. In addition, we considered county-level irrigated areas and cultivated land areas in our study region and period. Based on the definition by the National Standard of the People's Republic of China [13] and the Food and Agriculture Organization of the United Nations [14] , "irrigated area" is the area equipped to be irrigated and it is the most often-used index to quantify irrigation level in earlier studies [3, 12] . Percentage of irrigated area (PIA) was calculated based on Equation (1), which represents the irrigated areas relative to sowing areas, an index quantifying irrigated conditions, for each county in each year.
where PIA c,t is the percentage of irrigated area (%), IRRI c,t is the irrigated area (ha), and CulArea c,t is the cultivated land area (ha) of county c in year t.
As crop-specific data for irrigated area are not available, we lump data of the four crops to match the PIA data (Equation (2)).
Y c,t = riceP c,t + wheatP c,t + maizeP c,t + soybeanP c,t riceA c,t + wheatA c,t + maizeA c,t + soybeanA c,t
where Y c,t is the yields of the four crops weighted in each county by sown area (ton ha −1 ); riceP c,t , wheatP c,t , maizeP c,t and soybeanP c,t (ton) are the production of rice, wheat, maize, and soybean, respectively; and riceA c,t , wheatA c,t , maizeA c,t and soybeanA c,t (ha) are the sown area of rice, wheat, maize and soybean, respectively, of county c in year t.
Daily temperature and precipitation data in 756 climate stations were downloaded from the China Meteorology Data Sharing Service System [15] . Quality controls and homogenization of these climate data have been executed by the Chinese Meteorological Administration. To derive climate data for each county, we estimated daily climate data using the algorithm presented by Thornton et al. [16] . This algorithm interpolates the abovementioned data of the 756 climate stations into 10 km grid cells and then extracts climatic information for each county from the grid data. The daily grid climatic dataset has been used in a previous study [17] . Subsequently, we calculated the daily climate data for each county by zonal averaging, and then aggregated the daily data into monthly climate data. To represent drought severity, we calculated the monthly Standardized Precipitation Evapotranspiration Index (SPEI) for each county. SPEI is a multi-scalar drought index calculated based on a climatic water balance model [18] considering the role of both precipitation and evapotranspiration. An R package, "SPEI" (https://cran.r-project.org/web/packages/SPEI/), was used to calculate the index with the lag set to 1 month to quantify the monthly moisture conditions due to the climate of the same month. Next, we calculated the mean-growing-season average temperature (Tavg) and SPEI for each crop. The growing season period for each crop was derived from the Chinese Agricultural Phenology Atlas [19] ( Table 1) . Finally, to match the PIA data, Tavg and SPEI were aggregated as weighted by the sown area of the four crops in each year (Equations (3) and (4)).
Tavg c,t = riceTavg c,t ×riceA c,t +wheatTavg c,t ×wheatA c,t +maizeTavg c,t ×maizeA c,t +soybeanTavg c,t ×soybeanA c,t riceA c,t +wheatA c,t +maizeA c,t +soybeanA c,t
where Tavg c,t is the mean-growing-season average temperature weighted by sown area; riceTavg c,t , wheatTavg c,t , maizeTavg c,t and soybeanTavg c,t are the mean growing season average temperature for rice, wheat, maize and soybean, respectively; and riceA c,t , wheatA c,t , maizeA c,t and soybeanA c,t are the sown area for rice, wheat, maize and soybean, respectively, of county c in year t. 
where SPEI c,t is the mean-growing-season average SPEI weighted by sown area; riceSPEI c,t , wheatSPEI c,t , maizeSPEI c,t and soybeanSPEI c,t are the mean growing season average SPEI for rice, wheat, maize, and soybean, respectively; and riceA c,t , wheatA c,t , maizeA c,t and soybeanA c,t are the sown area for rice, wheat, maize, and soybean, respectively, of county c in year t.
Statistical Model
To evaluate the relationship of climate, yield and PIA, we established a fixed-effect regression model, as given in Equation (5 
where Y c,t is yield for the four crops weighted by sown area in Equation (2) (ton ha −1 ), PIA c,t is the percentage of irrigated area in Equation (1) (%); Tavg c,t and SPEI c,t are respectively the mean-growing-season temperature (Equation (3)) and SPEI (Equation (4)) weighted by the sown area of the four crops of county c in year t; County is the dummy variable for county; Year denotes time; and ε is the error term. α 1 − α 11 are the regression coefficients for each term.
In this model, we used quadratic terms for PIA, Tavg, and SPEI to account for the fact that crops perform best under moderate management and climate conditions and are harmed by extreme cold, hot, dry, or wet field conditions. In addition, we considered the potential interactions between irrigation and climate variables in this model, which represent the changes in climate impacts under different irrigation conditions. Unobserved possible nonlinear time trends at the county level were controlled by using county-by-year linear and quadratic terms and unobserved time-constant variations between counties using a county fixed effect. Consistent with other studies based on statistical model [20] , CO 2 effects were not considered. Therefore, results in this study reflect the possible largest impacts from climate change.
The accuracy of the model was evaluated using a bootstrap analysis [21] . By constructing a number of re-samples and replacing the observations, this analysis evaluated the model accuracy defined by confidence intervals. More specifically, years were chosen randomly with replacements for 1000 iterations to estimate the regression coefficients of the model. Then, 1000 sets of regression coefficients were derived, which were then used to calculate yield changes by inputting future climate conditions. The confidence interval not spanning zero indicates a significant effect. Here, the median value and 95% confidence interval (95% CI) of those regression coefficients are reported.
Climate Scenarios
The climate change projections were taken from the Program for Climate Model Diagnosis and Inter-comparison-Coupled Model Inter-comparison Project Phase 5 for two representative concentration pathways (RCP2.6 and RCP8.5) in our study region. This ensemble climate scenarios were simulated by 26 climate models (Supplementary Materials Table S1 ). RCP2.6 represents a low emission pathway, i.e., greenhouse gas emissions peak between 2010 and 2020 with emissions declining substantially thereafter; RCP8.5 is a high emission pathway, i.e., emissions continue to rise throughout the 21st century.
The baseline period was set to 1980-2011, consistent with our observations, and the future period was 2020-2039 (referred to as 2030s hereafter), the target period for the abovementioned irrigated areas expansion plan. Following the steps for processing observed climate data described in Section 2.1, we derived the mean-growing-season Tavg and SPEI weighted by the sown areas of four crops for each county-year pair based on the future climate scenarios (here, we assume there is no change in the growing areas of the four crops). The difference in anticipated growing-season Tavg and SPEI relative to the baseline climate was input into our statistical model. Note: ID matches with the numbers in Figure 1 ; NA denotes no such crop in the province.
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Irrigated Area Scenarios
To explore the effectiveness of irrigated area expansion on mitigating climate impacts, we considered four scenarios of irrigated areas: no change in PIA, 4.4% increase in PIA, 10% increase in PIA, and 15% increase in PIA. Note the maximum value of PIA is 100%. So, in cases where the PIA was greater than 100% after the addition, we reset it to 100%. No change in PIA indicates the scenario without adaptation, a 4.4% increase in PIA is consistent with the existing irrigated area expansion plan, and the last two scenarios (increased PIA by 10% and 15%) indicate potential adaptations if irrigated areas are further amplified. Figure 2 demonstrates the average observed PIA and crop yield sover the 1980-2011. The PIA varies by locations (Figure 2a) . Better irrigation conditions are exhibited particularly in northwestern China (more than 70%) compared with northern (10-70%) and northeastern (less than 50%) China. This result is a major reflection of climatic moisture status, with the dryer climate in the Northwest requiring more irrigation to maintain the local agriculture than in northern and northeastern China. In terms of the crop yields, the spatial distribution is less clear (Figure 2b ). Crop yields in most counties vary between 3.5 and 6.5 t ha −1 . Regions with relatively low yield include the northern region of the North and the southeastern region of northwestern China; yields vary between 2.0 and 3.5 t ha −1 .
Results
Irrigated Areas and Crop Yields under the Baseline Climate
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Effects of Climate and Irrigation on Crop Yields
A statistical model was established based on our data. Regression results of Tavg, SPEI, and PIA are presented in Table 2 . We have also provided a graphical demonstration of the effects of the three individual variables on yields by artificially increasing Tavg by 1 • C, decreasing SPEI by 0.5, and increasing PIA by 10% based on above statistical model. The full model shows a good agreement, with an R 2 of 0.9771 (p < 0.001). The effect of the linear Tavg term on yields is statistically insignificant (p > 0.05 with 95% CI between −0.031 and 0.0088). In contrast, there is a significant relationship between the Tavg quadratic term and yields (p < 0.05 with 95% CI between −0.001 and −0.0001), as shown in Table 2 . Given the present climate, 1 • C further warming would reduce yields by 0-3% in the majority of counties when the Tavg over the growing season is greater than 0 • C (Figure 3a) . For SPEI, both the linear and quadratic terms on yields are statistically significant (p < 0.001 with 95% CI between 0.24 and 0.28 for the linear term and between −0.16 and −0.12 for the quadratic term). With SPEI reduced by 0.5, crops growing above an SPEI of approximately 0.5 in the mean-growing season tend to benefit from the drought, whereas crops grown below this threshold are likely to show a declined yield (Figure 3b) .
The effects of PIA and PIA 2 on yields are both statistically insignificant (p > 0.05). The 95% CIs vary between −0.0013 and 0.0019 for the linear term and between −1.53 × 10 −5 and 5.62 × 10 −6 for the quadratic term (Table 2 ). CIs spanning zero suggest an inconsistent regression coefficient in the sign for each sub-sample generated using the bootstrap analysis. However, significant interaction effects of PIA on climate variables are shown (p < 0.001). The 95% CI for PIA × Tavg is between 0.00002 and 0.00013, while the 95% CI for PIA×SPEI is between −0.0033 and −0.0027 (Table 2 ). The estimated yield change is approximately 2% when the PIA increases by 10% (Figure 3c ). This indicates that irrigated area expansion can alter the magnitude of climate impacts on yields.
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3.3.Future Climate Scenario
Based on climate model outputs, a warmer and dryer climate was projected in our study region (Figure 4) . Under RCP2.6, it was predicted that Tavg would increase by 1-1.5 °C in northern China as well as the southern region of northeastern China and by more than 1.5 °C in other regions ( Figure  4a ). In addition, a dryer climate will prevail in most counties: SPEI will experience a 0.0-0.5 reduction in northeastern and most areas of northern China, and more serious decreases in SPEI (0.5-1.5) will occur in northwestern China and parts of northern China (Figure 4b) . Under the RCP8.5 scenario, the increase in Tavg will be at least 1.0 °C and most counties will experience a warming with more than 
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Climate Impacts on Yields under Three Irrigated Area Scenarios
Maintaining the PIA at the baseline climate is anticipated to reduce yields under future climate scenarios, with yields decreasing by 4.7% for the climate under the RCP2.6 scenario averaged over the study region (Table 3 ). More specifically, we predict 0-5% yield reductions in northeastern and the southern part of northern China, and certain counties in north and northwestern China would experience even more serious reductions, varying between 10% and 20% (Figure 5a ). Under the RCP8.5 scenario, the reduction in yields is estimated to be approximately 7.3% (Table 3) . Regions with the greatest yield reduction are predicted in the northern part of northern China and central northwestern China, where losses could exceed 20%. In the remaining areas, yields are projected to be reduced by 5-15% (Figure 5e ). Expanding irrigated areas can alleviate the yield reductions associated with climate impacts. Our model estimates that approximately 0.7% of yields could be saved by a 4.4% increase in PIA under the RCP2.6 climate scenario, and the predicted yield improvement is 0.8% under RCP8.5 (Table  3) . Further expansions in PIA are projected to result in greater yield gains. Yield increases are 1.5% under RCP2.6 and 1.8% under RCP8.5 if PIA is expanded by 10%, and the values are 2.2% under RCP2.6 and 2.7% under RCP8.5 if PIA is expanded by 15% (Table 3) . However, these yield benefits 
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Discussion
Yield Responses to Climate and Irrigated Areas
Our results demonstrate a significant effect of climate variables on crop yields. Increases in Tavg are harmful to yields, with a 0-2% yield reduction per additional 1 • C Tavg, because of the associated shorter growing season [14] . Lower yields will be caused by drought in most counties except under very moist climate conditions (i.e., SPEI is approximately 0.5), where yields will be increased. The inverse yield responses to SPEI are associated with less severe water logging and disease under a very wet climate, and hence higher yields, when SPEI is reduced [22, 23] .
Our model detected a statistically significant effect for the interaction terms of irrigation and climate variables, suggesting that expanding irrigated areas can reduce climate impacts. More specifically, with more irrigated areas, yield reductions caused by heat and drought stresses would be lower. However, our results also indicate that the effects of irrigated area expansion are still very weak on crop yields; the median magnitude is only an approximately 2% yield increase with 10% higher PIA. This finding suggests that the extent to which current irrigation practices will mitigate the negative impacts of climate are quite insufficient in China.
Two primary factors might explain the weak yield response to increased irrigated areas. First and potentially most important, expansions in irrigated areas are not associated with more irrigation water. As noted by theFood and Agriculture Organization of the United Nationsin regard to the definition of irrigated area [14] : "Due to several reasons (e.g., crop rotation, water shortages, and damage of infrastructure) the area actually irrigated maybe significantly lower than the area equipped for irrigation". This means that irrigated area data do not reflect the actual accessibility of irrigation water, even though the data of irrigated area is the current primary data to quantify irrigation level. Agricultural water shortage growing in magnitude and frequency in the current [24] and future [25] climate is the main reason. Second, the household contract system was created in 1979, and the use rights of farmland were evenly distributed to the farmers by group farmland ownership [26] . These contracts encouraged farmers to work on their own farmlands but also partially shifted responsibilities previously taken care of by the government to individual farmers, which the farmers could not afford, such as irrigation infrastructure maintenance and repair [27] . Based on a survey conducted by the Ministry of Water Resources of the People's Republic of China in 2006, only 50% of household-based irrigation infrastructures are available to irrigate and 35% of areas categorized as irrigated areas cannot be irrigated [28] .
Future Climate Impacts and Adaptation by Expanding Irrigated Areas
In the 2030s, a warmer and dryer climate is anticipated, posing a serious challenge to agricultural outputs and irrigation water resources over our study region. Expanding irrigated area was projected to save yields from harmful climate impacts. However, such yield benefits are quite limited compared with the negative climate impacts. Similar yield reductions were projected even when irrigated areas are increased by 15%. The scenario experiments demonstrate that yield losses are difficult to avoid under future climate no matter how the irrigated area will be increased.
The model output in our study is not consistent with earlier assessments, which investigated the potential adaptive effects of expanding irrigation using process-based models by assuming different irrigation schemes [29] or assuming no water stress [8] . In theory, there is significant potential for improving irrigation to mitigate the harmful impacts of both of heat and drought on crops [30] . However, in practice, the adaptive potential will not be fully realized. As our study has quantified, the effects of expansion of the irrigated area have little influence on yields due to the aforementioned reasons and thus cannot fundamentally countervail the expected adverse climate change impacts in the 2030s. This finding suggests that the effects of expanding the irrigated area are restricted.
Implications for the Adaptive Policies for Climate Change in China
Anticipated yield reductions across the irrigated area scenarios suggest that expanding the irrigated area alone cannot achieve our expected climate risk mitigation in the 2030s. Therefore, other solutions are needed. For example, water-saving irrigation technology has been found to reliably increase grain yields while using less water [31] . The adoption of water-saving irrigation technology in sown areas is currently very limited in China [32, 33] . According to a farmers' survey across seven provinces in China, only 32% and 4% of sown areas are equipped with household-based and community-based water-saving irrigation technologies, respectively [34] . In northern China, water saving technologies have been reported to show a great potential to reduce water use and improve crop productivities. By using these new technologies, irrigated water reduces by 11.7% and water use efficiency (i.e., yield produced per unit of water) increases by 27.8% for wheat; and the irrigated water saving and water use efficiency improvements are 23.0% and 17.6% for maize, respectively [35] . Therefore, with the low application and substantial potential, water-saving irrigation technology innovation appears to be a more promising approach than establishing more irrigated areas.
Other adaptive measures helpful to improving water use efficiency should not be overlooked. For instance, due to advances in breeding technology, new rice cultivars with high-water efficiency have been bred in China [36] , exhibiting a yield advantage of 31-36% under drought [37] . Therefore, policies aimed at climate stress-tolerance cultivars appear to be beneficial to adapting to climate stresses in the future. In addition, the major reason for the future drought is increased evapotranspiration associated with warming [38] , thus some technologies that can reduce evapotranspiration, such as plastic sheeting and low-tillage, will be also very helpful. Linking seasonal climate forecasting with crop choice can thus provide another potential climate adaptation. Other adaptation options, including multiple rather than individual adaptive measures, appear more realistic to help reduce future climate risks and should be addressed in future studies.
Finally, it is necessary to develop a new index to represent actual irrigation and water availability at fairly fine resolution. Even though irrigated area is widely used in many earlier works [3, 12] , its use tends to lack adequate consideration of actual irrigation water and associated adaptive effectsas we showed in this study. Such a new index will prove critical when developing relevant agricultural water use policies.
Conclusions
To address the effectiveness of expanding the irrigated area in order to mitigate future climate stresses, this study used county-level data to quantify the adaptive effects of irrigated areas on crop yields and anticipated change in yields under future climate across different irrigated area scenarios. We concluded that expanding irrigated areas cannot countervail future adverse climate impacts on crop yields in northern China. This limitation is primarily attributed to the underutilization of the irrigated area during drought due to water shortage and impaired irrigation infrastructure. Therefore, we hypothesize that the key to improving the resilience of Chinese agriculture under climate impacts is not the size of the irrigated area but, rather, modernizing irrigation. This target change needs to be quantitatively addressed, as it has not been clearly framed in existing policy. Furthermore, the irrigated area expansion plan will require the complementation of other adaptation programs, such as crop breeding and seasonal forecasting. These practices will be particularly useful in regions facing shortages of agricultural water resources. The suitability of different adaptation programs in different regions must be identified in future investigations.
Within the limits of available data, the statistical models used here have been applied to groups of crops and irrigated areas together without crop-specific analysis. These limitations could be overcome with further work by developing an enhanced spatially intensive dataset that further separates agricultural resource inputs for individual crops. In addition, clear knowledge and integrated assessment models to inform farmers' adaptive reactions to climate extremes are in high demand. Such information would enable more accurate predictions of the adaptation potential, costs and benefits, and the agricultural system could be modified based on predicted climate change scenarios.
Supplementary Materials: The following are available online at www.mdpi.com/2071-1050/9/5/851/s1, Table S1 : Climate models used to simulate ensemble climate scenarios.
